This paper aims to provide common basis for the estimation of emission inventory data necessary for the evaluation of environmental impact of a concrete structure through its life cycle. Intensive literature survey and hearing to the institutes concerned have been deliberately conducted to collect relevant data to concrete materials, other materials involved, construction, demolition, and disposal and recycling. Consequently emission inventory data of CO 2 , SO x , NO x , and particulate matter were able to be prepared in an objective way. In addition, fundamental inventory data of these emission gases and particulate matter were provided for various kinds of energy. Furthermore most commonly used machines, instruments and other equipments on concrete structure construction are presented and provided for their related inventory data. In this way, inventory data regarding 91 detail items in total were able to be provided. By using these inventory data, four case studies where environmental impact caused by the construction of concrete structures was considered as a performance parameter of the structures similarly to serviceability, safety, and durability of the structures were also investigated based on design methods proposed previously by the authors in order to confirm the applicability of these inventory data to environmental performance evaluation of concrete structures.
Introduction
The life cycle of concrete structures affects global and local environment in various aspects such as global warming, destruction of the ozone layer, consumption of natural and energy resources, reduction of forests, desertification, acidification, air, water, and soil pollutions, noise and vibration, changes of ecosystem in land and water, changes in landscape, waste emission, heat island, and so on. Toward the challenges of sustainable development, in order to prevent environmental destruction and to minimize environmental burdens, many types of countermeasures considering environmental impact reduction such as the uses of supplementary materials, industrial by-products and industrial wastes, recycling of concrete wastes, zero-emission activities in construction sites, and so on have been performed and developed in the concrete industry field (for example, Malhotra 2000; Péra and Ambroise 2000; Jahren 2004 ). Idealistically as many environmental aspects as possible should be evaluated when the environmental impact of the life cycle of concrete structures is considered as a performance parameter of the structures. But unfortunately environmental impact factors which can be quantified are limited for now. Sufficient data even regarding these limited factors have not been prepared.
When the effect of the action regarding environmental consciousness on the reduction of environmental impact is estimated, the life cycle assessment (LCA) is basically adopted. Also in case environmental performance of concrete structures is evaluated, the LCA method will be used for the estimation of environmental impact of concrete structure construction. The framework of the LCA is specified in ISO 14040 (1997) . According to ISO 14040, life cycle assessment must include definition of goal and scope, inventory analysis, impact assessment, and interpretation of results, as illustrated in Fig. 1 . The goal and scope of an LCA study must be clearly defined and consistent with the intended application. The scope should be sufficiently well defined to ensure that the breadth, the depth, and the detail of the study are com- patible and sufficient to address the stated goal. The inventory analysis involves data collection and calculation procedures to quantify relevant inputs and outputs of a product system. The qualitative and quantitative data for inclusion in the inventory must be collected for each unit process that is included within the system boundaries. The impact assessment phase of LCA is aimed at evaluating the significance of potential environmental impacts using the results of the life cycle inventory (LCI) analysis. The interpretation is the phase of LCA in which the findings from the inventory analysis and the impact assessment are combined together, or, in the case of life cycle inventory studies, the findings of the inventory analysis only, consistent with the defined goal and scope in order to reach conclusions and recommendations. For help to perform LCA, many kinds of tools has been developed and released to the public. These tools include inventory data for environmental impact which were researched and collected by the institutes concerned, but unfortunately most tools are not free and inventory data included in their tools are not usually opened. In order to introduce and promote environment-conscious design of concrete structures, the preparation of a set of free and reliable inventory data is needed. These inventories do not need to include goods and services that are not associated with concrete structure construction but to include details regarding concrete structure construction.
In this paper, intensive literature survey and hearing to the institutes concerned have been deliberately conducted to collect relevant data to concrete materials, other materials involved, construction, demolition, and disposal and recycling. Consequently emission inventory data of CO 2 , SO x , NO x , and particulate matter were able to be prepared in an objective way. In addition, fundamental inventory data of these emission gases and particulate matter were provided for various kinds of energy such as electric power, LPG for fuel, LNG (imported), light oil, gasoline, heavy oil, kerosene, and acetylene gas. In this way the inventory data regarding 91 detail items in total were able to be provided. Through this inventory data collection, significance of compiling inventory data is also discussed with regard to quantitatively evaluating environmental impact of concrete structures.
Furthermore four case studies to which these inventory data are applied are investigated based on design method verifying environmental performance and design method considering environmental performance which were proposed by the authors in the previous paper (Kawai et al. 2005) . In these case studies, environmental impact caused by concrete structure construction is considered as a performance parameter of the structure similar to serviceability, safety, and durability of the structure.
Inventory data collection
The collection method of inventory data includes an input-output analysis and a process analysis. In the input-output analysis, input-output tables showing the trading amounts of all of goods and services produced and consumed in a year in a country by section with a common unit (i.e. a monetary unit) are used, and direct and indirect input energy and environmental impact are calculated using investigated inventories between industries with a top-down processing. In this analysis, the direct and indirect inventory of a product can be theoretically calculated, but it is not suitable to an analysis of various products and technologies since the classification of section is rough and the evaluation is limited to the average of goods in a section. On the other hand, the process analysis is carried out with a bottom-up processing and the life cycle of a product is investigated in detail. In this analysis, the preparation basis of inventories is clear, while the coverage of processes which can be investigated is limited. In this paper, the collection of inventory data regarding the life cycle of concrete structures is carried out with the process analysis.
Energy and transportation
Inventory data of energy and transportation are used in common for concrete materials, construction works, demolition works, and disposal and recycling in this paper. This methodology to use common basis for energy and transportation is of great significance for the estimation of each inventory data regarding the life cycle of a concrete structure.
As for fuels, data for mining in a production country, transportation to Japan, refinement, and transportation to a final demand place were cited from Petroleum Energy Center, Japan (PEC 2002) and Plastic Waste Management Institute, Japan (PWMI 2001) . Calorific values of fuels were referred to data in the Agency for Natural Resources and Energy, Japan (ANRE 2004) . The values of CO 2 emission by combustion of fuels were based on the emission coefficients for 1999 published by the study group on the calculation methodology of the emissions of green house gases, Ministry of the Environment, Japan (MOE 2000) . Regarding the use of light oil, sources were divided into moving emission sources such as trucks and stationary emission sources such as construction machines. The emissions of NO x and particulate matter generated by the consumption of light oil in each source were obtained from the literature by Nanzai et al. (2002) .
As for purchased power, the amount of CO 2 emission is an average of the total amount of CO 2 emitted from all of electric power companies in Japan in 2002 reported by the Federation of Electric Power Companies of Japan (FEPC 2004a) . The amount of energy consumption is calculated on the basis of reported data by Petroleum Energy Center, Japan (PEC 2002) using the following equation.
Where E i is percentage composition of total primary energy supply by energy sources, E 0 is quantity of heat supplied at generation (= 9.00 MJ/kWh), and H i is calorific value of energy sources.
The amounts of SO x and NO x emission are calculated by the amount of each emission per unit of electricity generated by thermal power and the ratio of thermal power relative to total electric power generation which were reported by the Federation of Electric Power Companies of Japan (FEPC 2004b) . The emission amount of particulate matter was based on the paper reported by Matsuno et al. (1998) .
In this way, as shown in Table 1 , the emission inventory data of CO 2 , SO x , NO x , and particulate matter were provided for various energy types such as electric power, LPG for fuel, LNG (imported), light oil, gasoline, heavy oil, kerosene, and acetylene gas.
Regarding transportation, energy consumption of each was calculated from the following equation. Where, average speed was assumed to be 30 km/h, and engine power and specific fuel consumption were obtained from the Equipment Cost Calculation Chart (JCMA 2001) . The amounts of CO 2 , SO x , NO x , and particulate matter emission to the air in motion were calculated by fuel consumption shown in the above equation and the inventory data shown in Table 1 . Summarized data are shown in Table 2 .
By using these common data, emission inventory data for construction machinery, instruments, and other equipments which will be used through the life cycle of Nanzai et al. (2002) . *1: Fuel consumption by driving a truck and other related vehicles on public road, which is considered a part of construction. *2: Fuel consumption by operating machinery and equipment. (-) indicates either no data available or additional survey needed for each particular case. 
Materials
Emission inventory data for portland cement, blast furnace slag cement and fly ash cement are the sum of the inventory data as of 2003 reported by Japan Cement Association and corresponding emission data derived from the transportation of raw materials and the use of purchased power. The data of the uses of fuels, power, resources, and wastes and CO 2 emission for ecocement were referred to the previous studies (JSCE 2002) . The emissions of SO x , NO x , and particulate matter for ecocement are the sum of these data supplied by its manufacturing company and other emission data derived from the use of purchased power. Ecocement was developed in Japan in terms of measures for reduction of environmental impact. About 50 % of its raw materials are wastes including incinerator ash. This cement consists of the same main mineral components as normal portland cement (Shimoda and Yokoyama 1999) .
The amount of energy consumption during grinding process for manufacturing natural aggregate and lime stone aggregate was calculated by the Bond method (JCMA 1975) . In addition, related energy at the collection of lime stone for the ceramics whose data is available from Japan Cement Association was added. Then the total energy for these aggregates was calculated by further adding the energy related to electricity for sieving and to transportation within a production site. The amount of energy consumption for melting slag aggregate using municipal waste was calculated on the basis of a calculation software (HOK 1998) . Note that the calculation domain ranged from generation of sintered ash of municipal waste to manufacture of melting slag aggregate.
Among emission inventory data for aggregates and mineral admixtures, the emissions of SO x , NO x , and particulate matter derived from their manufactures could not be collected and the emissions derived from electric power only were considered. Accordingly these emission inventory data should have been estimated very small. Waste aggregates are produced using incinerated ashes of municipal wastes as a primary raw material like the ecocement. The emission inventory data of SO x , NO x , and particulate matter for these waste aggregates of both melted using fuel type and electrical type were estimated small because the emission data regarding to environmental impact during the manufacturing processes are not included in this estimation.
Energy directly consumed during grinding for manufacturing blast furnace slag is electricity. In this paper, the amount of energy for manufacturing blast furnace slag with a specific surface area of 4400 cm 2 /g by blain was calculated using reported inventory data on electricity for its grinding (Uchida 1991) . The amount of electricity consumed during grinding process of fly ash was collected from reported data (Tamashige et al. 1992) .
For lime stone powder, energy used for the collection was added to energy used for coarse and fine grindings using reported calculation method (Sano et al. 2000) .
Mineral admixtures such as blast furnace slag and fly ash are manufactured products and hence traded as valuables. However since mineral admixtures are byproducts, the emission inventory data for these materials are generally estimated using only consumption of energy necessary for their processing. For example, the process of blast furnace slag requires energy as electric power to crush. In this way, other environmental impacts during the manufacturing stage for these by-products are not taken into account in this paper.
The amounts of CO 2 , SO x , and NO x emission during steel manufacturing processes were investigated using a reference (Ishikawa et al. 1999) . Then emission inventory data for steel materials were estimated using the amount of these emitted gases and the necessary amount of electric power consumption for the manufactures. In fact regarding steel materials, very few information on emission inventory data can be obtained as for now. This is especially true for electric furnace steel that is mainly used as reinforcing bars nowadays. Under these circumstances, emission inventory data for electric furnace steel and basic oxygen furnace steel were estimated using a little information available. Estimation of the emission of particulate matter of each steel was based on only the source of electric power consumption because of no information.
Construction works
Emission inventory data for construction were estimated on the basis of manufacturing concrete and running construction machinery, instruments, and other equipments. Emission inventory data for manufacturing concrete in a concrete plant was calculated with the amount of electric power consumption for mixing concrete except for SO x , NO x , and particulate matter emissions which were obtained from emission inventory data for stationary emission sources of construction machines and the amount of light oil consumption.
Construction for concrete structures is normally encountered by mixing, transportation, and placement of fresh concrete followed by consolidation and curing. During these works, concrete mixers, agitator trucks, concrete pumps, vibrators, and heaters will be employed. Steam curing and autoclave curing will be used for factory products. In addition, crawler cranes, truck cranes, and wheel cranes will be needed on a construction site. Furthermore diesel generators will be necessary. In this way, construction machinery, instruments, and other equipments are diverse on the concrete structure construction. In this paper, most commonly used machines for the construction are presented and provided for their related inventory data. Where, energy needed by autoclave curing was empirically assumed to 1.2 times than that needed by steam curing. In the calculation for construction machines, engine power of each machine (JCMA 2001) and light oil consumption per power were used. For NO x emission of construction machines, the adoption of exhaust emission measures was considered. Based on the trend of Japan's regulation values concerning measures to reduce automobile exhaust gas (MOE 2003) , the emission of a machine adopting the measures was estimated to be 70 % of the emission of a machine without measures.
Emissions of CO 2 , SO x , NO x , and particulate matter were estimated according to Table 1 depending on the kinds of energy and their amount consumed as well as the magnitude of construction methods concerned.
Demolition works
Emission inventory data of demolition works were estimated on the basis of the amount of fuel consumption by machinery used and classified for kinds of concrete structures to be demolished. Light oil and acetylene gas are normally used for the running of machinery such as breaker, welding machine, and crawler crane. Then the amount of these fuels consumed resulted in taking responsibility for the estimation of the emission inventory data of demolition work in this paper. In addition, according to the magnitude of concrete members and structures to be demolished, the amount of fuel consumption necessary for the corresponding demolition works will be varied. Therefore the emission inventory data were prepared depending on the magnitude and kinds of concrete structures under consideration. Types of machinery and the magnitude of concrete members and structures that can be commonly employed and represented in a demolition work were assumed using the data issued by Construction Research Institute (CRI 1998). Emissions of CO 2 , SO x , NO x , and particulate matter were estimated according to Table 1 depending on the kinds of energy and the magnitude of demolition work concerned.
Disposal and recycling
Emission inventory data of disposal and recycling were estimated on the basis of the amount of consumed energy such as electric power, light oil, heavy oil, and kerosene, which were normally used to run a correspond machinery and instruments for these operations. Emissions of CO 2 , SO x , NO x , and particulate matter were estimated according to Table 1 for kinds of energy concerned.
(1) Disposal Operation of the disposal of concrete pieces, metals, and others involved can be classified in leachate-controlled type and not-leachate-controlled type within a landfill site for industrial waste. In this paper, the landfill operation and its management were assumed to be conducted similar to the case of general waste materials. Then the amounts of electric power, light oil, heavy oil, and kerosene consumed for the landfill operation were cited from the University report (HOK 1988) .
(2) Recycling Emission inventory data of recycling are expressed as per 1 ton of concrete waste that is treated for recycled aggregates. Note to convert into the unit of per 1 ton of recycled aggregates if necessary. With a self-mobile recycling machine used on site, Type III recycled coarse aggregate and equivalent Type II recycled fine aggregate are produced. These recycled aggregates are mostly employed as roadbed materials and filling materials. Data regarding kinds of energy and necessary amount of running the recycling machine were collected by a hearing from practicians. The amount of light oil used up for the recycling includes the amount of light oil for running heavy machines to transport and throw concrete pieces into the recycling machine within site.
Recycled aggregates which are treated outside site include Type I recycled coarse aggregates and Type I intensely recycled fine and coarse aggregates that are highly treated with heating and grinding methods. Kinds of energy and its amount for both Type I recycled aggregates were obtained through literature survey (CRR 1997 , Shima et al. 2001 , Mitsubishi Materials 2001 .
Inventory data

Emission inventory data for materials
As a result of intensive survey and hearing to relevant institutes, estimated emission inventory data for materials are given in Table 3 . During a process of this research, inventory data on non-metal mineral, iron resource, material recycling and waste emission were also collected and hence are shown in 3  3  3  3  3  3  3   3  3  3  3  3  3  3 
Emission inventory data for construction, demolition, and disposal and recycling
Emission inventory data of CO 2 , SO x , NO x , and particulate matter are estimated for a particular item concerned in construction, demolition works, and disposal and recycling using following Eq. 1. Where EID CO2 is CO 2 emission inventory data with a unit of kg-CO 2 /* EID SOx is SO x emission inventory data with a unit of kg-SO x /*, EID NOx is NO x emission inventory data with a unit of kg-NO x /*, and EID PM is particulate matter emission inventory data with a unit of kg-PM/*. Note that the unit symbol (*) is either ton or hour or m 3 depending on the item under consideration. The values of EL, LPG, LNG, L.O., G.S., H.O., K.R., and A.G . are the amounts of electricity (purchased power), LPG for fuel, LNG (imported), light oil, gasoline, heavy oil, kerosene, and acetylene gas, respectively, which are used up for correspond machinery or instrument.
In Eq. 1 each entry in the 4 x 8 matrix includes both energy for mining and subsequent transport of corresponding energy source to Japan and energy for operation of related machinery and running vehicles. In the matrix, zero entry indicates no data available and hence was inserted for convenience. Each entry can be replaced according to future modification of related inventory data. Inventory data for energy that is only related to operation is given in Table 1 . However the amounts of emission gases in the process of fuel combustion can vary where well-equipped facilities and machineries can emit less gases than that by poor-equipped ones. Therefore no entry for some data in Table 1 must be appropriately determined according to its operational condition. Results of the estimation of the emission inventory data regarding the use of construction machinery, instruments, and other equipments that are normally employed for construction, demolishment, and disposal and recycling are shown in Tables 4 to 5, Table 6 , and Table  7 , respectively. In each table, necessary input energy for corresponding machinery and instruments that is given by conversion into calorific value is also provided. In the case of single fuel type used, each emission inventory datum is relatively easily calculated by the determination of the amount of fuel consumption with the calorific value. On the other hand for the case of several fuels needed for each machinery and instrument, the amount of respective fuel type must be determined, which is sometimes difficult. Then conversion into calorific value can be useful for estimating each emission inventory datum.
The emission inventory data shown in each table were calculated on an operational basis relevant to construction, demolition, and disposal and recycling, which means that input energy for mining and subsequent transport of each energy source to Japan was excluded. This was obtained by replacement of the 4 x 8 matrix in Eq. 1 with each entry given in Table 1 .
Case studies
In order to promote the motions toward environmental impact reduction in concrete industries, concrete structure design method itself should be changed from current design method to environment-conscious design method. In the previous paper, design methods considering environmental impact through the life of a concrete structure as a performance parameter of the structure and an integrated evaluation method of environmental impact of a concrete structure connected with the costs of construction, maintenance, demolition, and recycling of that structure were proposed (Kawai et al. 2005) .
In that paper, two types of concrete structure design methods that are design method verifying environmental performance and design method considering environmental performance were proposed. In design method verifying environmental performance, environmental impact, including its reduction, caused by the construction of a concrete structure is considered as a performance parameter of the concrete structure. The verification and inspection of environmental performance in planning stages are performed as well as other performances such as serviceability, safety, and durability of the concrete structure. The quantitative value of the environmental performance will be set up by a decision maker. But actually it is not so easy to decide values for environmental performance of a concrete structure and to have a system where the inspection is carried out by a third party after the verification. Then in design method considering environmental performance, qualitative requirement for environmental performance can be evaluated. The evaluation of environmental performance is carried out by either verification or selection. In both verification and selection, multiple environmental impact factors can be integrated. Verification is prepared for quantitative requirement of environmental performance, while selection is prepared for qualitative requirement of environmental performance. In selection, environmental impact is quantitatively evaluated and the results of a cost survey for the construction of the concrete structure are specifically considered when qualitative requirement of environmental performance is evaluated. In this chapter, the applicability of design methods described in the previous paper and the possibility of environment-conscious design of a concrete structure are investigated through case studies using a set of inventory data prepared in the previous chapter.
General
Four different case studies were carried out here. The structures studied are a prestressed concrete bridge, an overflow dike of a dam, a retaining wall, and a secondary lining in a tunnel. The effectiveness of design method verifying environmental performance was investigated in the case study of a PC bridge and the effectiveness of design method considering environmental performance was investigated in other three case studies.
Prestressed concrete bridge
A prestressed concrete simple girder bridge with T-section by the post-tensioning system (highway bridge, span: 32.000 m, width: 6.750 m for road and 2.500 m for pavement) was studied (JSCE 2002; Kawai 2002; Kawai and Sugiyama 2003) . The overview of this structure is shown in Fig. 2 . The girders of the bridge were manufactured in situ using ready-mixed concrete. The conditions of the assessment for environmental performance in design method verifying environmental performance were assumed to be as shown in Table 8 .
Since this structure was actually constructed, the written records of construction works for this structure were collected and a hearing from the construction company was carried out to obtain the details of construction works such as operation times and days of heavy machines. Although in actual construction the amounts of materials and machines used for construction are estimated in advance and the verification is performed in the planning stage based on this estimation, in this case study the collected data are assumed to be estimated data.
In construction, ready-mixed concrete was transferred and placed in situ. Concrete containing high strength portland cement with a nominal strength of 40 N/mm 2 is used for main girders and concretes containing high A cross section A side view Fig. 2 Schematic view of a prestressed concrete bridge studied. Table 8 Assumed conditions in the case study of a PC bridge.
Purpose
Reduction of environmental impact on construction of the structure as much as possible Range Environmental impact of the manufacturing stage of materials and construction stage of the structure Subject Energy consumption and carbon dioxide emission Criterion 5% reduction of carbon dioxide emission compared with a standard or conventional method Table 9 . Materials used in the manufacturing process are summarized in Table 10 . The energy consumption and CO 2 emission caused by these materials are also shown in Table 10 . For materials, 61 % of CO 2 emission is derived from concrete, while 39 % from steel. The amount of concrete used is greatly contributed to CO 2 emission amount.
Based on the information regarding suppliers of construction materials, distances from the suppliers to the construction site for transportation of materials are calculated and shown in Table 11 . These suppliers are companies with whom the actual construction company of this bridge is connected regularly in business. For use of machines, the amounts are calculated from records and hearing and summarized in Table 12 . From these results, environmental impact associated with transportation of materials and machines and use of machines is summarized in Table 13 . Since rubber supports, rubber joints, unseating prevention devices, and anchors are planned to be supplied more than 500 km far from the construction site, environmental impact for transportation becomes large. PC wires and sheaths are also planed to be supplied more than 250 km far from the construction site.
Based on amounts shown in Table 10 and Table 13 which are considered as conventional materials and methods, alternative materials and methods are proposed. As for materials, high range water reducing admixture is used for concrete containing high strength portland cement instead of normal water reducing admixture to reduce the cement content of the concrete. Modified mix proportions and amounts of ready-mix concrete due to the use of high range water reducing admixture are shown in Table 14 . As for construction, suppliers of PC wires, sheaths, rubber supports, rubber joints, unseating prevention devices, and anchors are changed to the nearest companies from the construction site. By this change, transportation distances of construction materi- Table 15 .
Reduction of environmental impact due to the adoption of alternative materials and methods is shown in Table 16 . From this table, CO 2 emissions in the manufacturing stage and in the construction stage can be reduced 5.73 % and 5.10 %, respectively. These reductions satisfy the criteria required in Table 8 . Consequently the verification of environmental performance requirement for this PC bridge is completed.
Overflow dike of dam
The overflow dike of a dam using high strength concrete was studied (JSCE 2004) . Regarding the following three cases, the construction of an apron portion of 2000 m 2 which was prospected to be abraded by discharge water was studied.
Case-1: use of normal concrete (compressive strength: 35 N/mm 2 ) Case-2: use of high strength concrete (compressive strength: 50 N/mm 2 ) Case-3: use of high strength concrete containing high strength additive (compressive strength: 75 N/mm 2 ) High strength additive used in Case-3 mainly consists of anhydrous gypsum and siliceous powder. This admixture contains powdered high range water reducing admixture (Yamamoto et al. 1999 (Yamamoto et al. , 2002 Matsunaga et al. 2001) . Table 17 .
It is assumed that the service life span of this dam is 100 years and that a repairing work is done when 0.45 m of the apron portion in thickness is abraded. In the repair, 50 mm of the surface in thickness is removed and the concrete waste is transported to a landfill site and disposed. For concrete volume, 2000 m 3 of concrete is used for new construction and 1000 m 3 for every repairing work.
From the relationship between compressive strength of concrete and average abrasion depth of concrete due to discharge shown in Fig. 3, 19 times, 8 times, and 3 times of repairing works are needed for 100 years in Case-1, Case-2, and Case-3, respectively. Therefore, 20000 m 3 , 9000 m 3 , and 4000 m 3 of total concrete are used for 100 years in Case-1, Case-2, and Case-3, respectively. Hereby 2000 m 3 , 900 m 3 , and 400 m 3 of waste concrete are generated for 100 years in Case-1, Case-2, and Case-3, respectively because approximately 100 m 3 (2000 m 2 x 50 mm) of waste concrete is emitted in one repairing work.
The estimation of environmental performance was carried out regarding materials used and construction processes in the new construction and the repairing works. The estimation results are summarized in Table  18 and Table 19 . The difference of the frequency of the repair due to abrasion in each case affects the results.
The values shown in Table 19 are results calculated by Life Cycle Impact Assessment Method based on Endpoint Modeling (LIME). The LIME is one of integration methods of environmental impact and has been developed in Japan (JEMAI 2004) . The LIME method sets forth four objects of protection consisting of human health, public assets, biodiversity, and primary production capacity, which have unique indexes consisting of DALY (Disability-Adjusted Life Year, unit: year), YEN (Japanese monetary unit, unit: yen), EINES (Expected Increase Numbers of Extinct Species, unit: species) and NPP (Net Primary Productivity, unit: t/ha/year), respectively. The degree of environmental impact can be evaluated with these four indexes and furthermore with a single index that is an integrated index of these four indexes. The single index has three versions. The weighting factors for single indexes ver. 1 and ver. 2 have been obtained from the conjoint analysis that has been developed primarily in marketing research as a tool for measuring consumer preference. Single index ver. 1 uses the yen unit and its weighting factor is an amount of marginal willingness to pay (MWTP) for each damage item, while single index ver. 2 has no dimension and its weighting factor is a ratio of each annual damage amount calculated from the product of the amount of MWTP for each damage item and its annual magnitude. The weighting factors for single index ver. 3 are obtained from the AHP (Analytic Hierarchy Process) method that is a multi-criteria decision-making approach and indicates decisions by weighing the evaluation criteria and making pair-wise judgments of a set of alternatives. Single index ver. 3 has no dimension. Since the significance of the utilization of this index is to enable comparison between the degrees of environmental impact for each case, either version of the index can be used and it is thought that the magnitude of the index itself is not too important here. But there is a possibility that a value obtained from single index ver. 1 having a monetary unit is considered as expense for environment and applied to calculation of the sum of construction cost and environmental cost.
From the results shown in Table 18 , it is found that the environmental impact caused by concrete structure construction can be evaluated with each environmental performance factor such as material recycling, gas emissions, particulate matter emission, and waste emission if the inventory data regarding these factors are totally prepared. Inventory data regarding environmental impact published or prepared in each institute will be different since basic data for calculation are different. For instance, inventory data calculated from the process analysis method and from the input-output analysis method should be different. It does not mean that inventory data themselves are meaningless but it is important to evaluate environmental performance using a set of inventory data prepared under a specified condition, Table 19 , moreover, it is found that the integrated evaluation using several environmental performance factors can be also carried out.
For all environmental performance factors in Table 18 and all damage amounts and integration results in Table  19 , the results of Case-3 give the lowest values. Consequently Case-3 will be selected in this case study.
Case-1: Retaining wall using hollow blocks Case-2: Retaining wall constructed in situ 
Retaining wall
Regarding the following two cases, the construction of a retaining wall (height: 8.0 m, slope: 1:0.5, length: 120 m) was studied (JSCE 2004) .
Case-1: a retaining wall using hollow blocks Case-2: a retaining wall constructed in situ For the retaining wall of Case-1, hollow blocks are piled up before connecting them with ready-mix concrete and steel bars. Soils emitted during the construction are treated in the site by being filled in the hollow blocks.
Together with transportation of concrete products resulting in little concrete placing in situ, reduction of construction term and secure concrete quality can be expected. The schematic view of the retaining walls is shown in Fig. 4 .
In this case study, manufacturing of materials, transportation of construction materials, construction, and treatment of wastes are estimated. Mix proportions of concrete used here are shown in Table 20 . Ready-mixed concrete used in Case-1 and Case-2 is the same. Total Table 21 Total amounts used for calculation in each case (retaining wall). amounts used for calculation in each case are listed in Table 21 .
Estimation results are shown in Table 22 . Since the use of hollow blocks leads to reduction of concrete volume, every emission amount becomes very low in Case-1 compared with Case-2. Regarding damage amounts shown in Table 23 , the reduction of damages for biodiversity and primary production capacity is much larger than that of damages for human health and public assets. This is because waste emission is significantly reduced in Case-1 by effective use of surplus soils in hollow blocks.
In this case study, cost analysis was also carried out. Using the values of single index ver. 1 of integration results shown in Table 23 which have a monetary unit, the sum of construction cost and environmental cost is compared in both cases. The results are shown in Fig. 5 . When environmental cost is added to construction cost, the difference between the total costs for Case-1 and Case-2 becomes large. Although there is a problem how environmental cost can be considered in actual construction, that is to say, who pays for environmental cost, it is found that the concept of cost considering environmental impact can be introduced in a bidding system.
From these results, Case-1 should be selected in this case study.
Secondary lining in tunnel
A secondary lining using concrete with recycled aggregate in a tunnel was studied (JSCE 2004) . A schematic view of the tunnel is shown in Fig. 6 . The lengths of the tunnel are assumed to be 500 m, 1000 m, and 2000 m. The following three kinds of combinations of fine and Case-1
Case-2 (*) Environmental cost was based on integrated value of LIME ver. 1. Fig. 5 Comparison between construction cost and environmental cost in each case (retaining wall).
coarse aggregates for tunnel lining concrete were investigated. Case-1:natural fine and coarse aggregates Case-2:natural fine aggregate and recycled coarse aggregate ground mechanically Case-3:recycled fine and coarse aggregates treated with a heating and rubbing method A heating and rubbing method is a unique method developed in Japan in order to obtain high quality recycled aggregate (Shima et al. 2005) . It is assumed that ready-mixed concrete was made in a plant and transferred to the construction site. Mix proportion of concrete in each case is shown in Table 24 Fig. 7 Comparison of mineral consumption for each case (secondary lining).
length is used and its electric power in use and its operation time are assumed to be 22 kW and 2.4 hours per day, respectively. Total amounts used for calculation for 1000 m lining are shown in Table 25 as an example. For 500 m and 2000 m linings, total amounts of each in Table 25 become half and twice, respectively. Estimation results are shown in Table 26 and Table  27 . Based on the results in Table 26 , mineral consumption, material recycle, and CO 2 emission for each case are compared in Fig. 7, Fig. 8, and Fig. 9 , respectively. Since recycled coarse aggregate in Case-2 and recycled fine and coarse aggregates in Case-3 are used, mineral consumptions are smaller and material recycles are larger in Case-2 and Case-3 than those in Case-1. But as shown in Fig. 9 , since large energy is needed in recycling processes in Case-3, CO 2 emission in Case-3 becomes much larger than those in Case-1 and Case-2. Since CO 2 emissions of natural crashed coarse aggregate and recycled coarse aggregate ground mechanically are almost same, CO 2 emissions in Case-1 and Case-2 are almost same. From these results, Case-2 should be best among these three cases, which can be said from the integration results in Table 27 . From damage amounts in Table 27 , it is found that the influence on the object of protection is different in an environmental impact factor. In Case-3 where CO 2 emission is large, the damage amounts for human health and biodiversity are very large compared with Case-1 and Case-2, while the damage amount for primary production capacity is small. Regarding the damage for biodiversity, the amount in Case-3 is larger in 500 m lining than those in Case-1 and Case-2, but smaller in 1000 m and 2000 m linings. Therefore, the difference of the object of protection focused on could change the choices in the verification or selection. This can be said also when the integration method is adopted. As shown in Table 27 , the relation among the magnitudes in Case-1, Case-2, and Case-3 is different in length of lining and in integration version.
Discussions
Inventory data
In this study, emission inventory data associated with the life of a concrete structure were totally prepared by the process analysis based on intensive literature survey and hearing to the institute concerned. By using these data, environmental performance within the life cycle of a concrete structure can be evaluated. As a matter of course, these do not include emission inventory data regarding all materials or all works concerning material manufacturing, transportation, construction, maintenance, demolition, and disposal and recycling of concrete structures. But emission inventory data of which materials and works are not included here could be estimated by expanding the inventory data of appropriate material or work shown here. Since concrete of civil infrastructures is primarily focused on in this study, emission inventory data for interior materials, insulators, and so on that are mainly used in buildings are not investigated.
The process analysis was used to collect data in this study. It is obvious from a theoretical point of view that the values for inventory are changed if the input-output analysis is used. This is because of different approach to be employed in the calculation of inventory data between two analytical methods. The input-output analysis includes a ripple effect and the direct influence of price within the analytical domain of corresponding data (JSCE1997). On the other hand, in the process analysis the inventory data of a product are determined by the relationship of the total amount of its shipment with the total energy consumed in the corresponding factory to manufacture it. Accordingly the amount of emission gas can be calculated on a single product base. This approach enables detailed analysis and reliable data to be obtained while much efforts and continuous hearing to a manufacture are inevitable to up-date the corresponding data (JSCE 1997) .
Also the values should be varied by region of the world due to different methodology and technology to be employed. As an example cement CO 2 emissions are shown in Table 28 (Battelle 2002) . Therefore worldwide standardization of inventory data may be difficult, although preparation of emission inventory data itself in each region is of course extremely important because of understanding the state of emissions in each region. Relative comparison of the magnitudes of inventory in each region should be possible. That is to say, preparation of emission inventory data makes it possible to clarify what measures should be taken to effectively reduce environmental burden associated with the life of concrete structures. The significance of this study is the preparation and supply of common emission inventory data that can be referred to by researchers to discuss a possibility to reduce environmental impact totally and effectively for the life of concrete structures and to develop technologies to reduce the environmental impact. It is generally understood that efforts to reduce environmental impact consume energy resulting in the increase of environmental impact on the contrary. For instance, the higher the quality of recycled aggregate is required, the more the energy will be needed as shown in the case study on the secondary lining of a tunnel. But when concrete structure construction is considered totally and systematically, there could be a technology by which environmental impact is reduced. This technology may be led with changes of a structural shape and a construction method. The preparation of emission inventory data will make it possible to discuss such development of technologies. Including this sense, it is supposed that the collection of inventory data in this study sufficiently accomplishes the above purposes.
Many LCA tools have been already developed and widely used all over the world. Some of them are focused on the environmental evaluation of the construction based on the materials and structural elements used (for example, BEES, Envest, and Eco-Quantum), some on the evaluation of different industrial processes (for example, GEMIS and SimaPro), and some are focused on more general aspects of the sustainability of structural components and buildings (for example, GBTool, BREEAM, and LEAD) (Lippiatt 2002; Goedkoop and Oele 2004; Cole and Larsson 2002; fib 2004) . The main differences among them are in the specification of goal and scope of the evaluation process and in the definition and recognition level of the corresponding solution system. The differences between this study and those tools are database and evaluation methodologies. The database of this study is prepared based on the Japanese market. Therefore this database is a regional one but directly reflects Japan's industrial states. Regarding the methodologies, original methods for evaluating environmental impact have been developed by the authors (Kawai et al. 2005) . These methods can be directly used in the verification process of designs of concrete structure construction.
In future works, it will be needed to prepare more substantial inventory data. Sensitive analysis of each inventory may be also needed to clarify which factor is significantly affected by change in the value of inventory by year and by region.
Case studies
Four case studies were carried out in order to confirm the applicability of the inventory data prepared in this paper to environmental performance evaluation of concrete In the first case study, in order to confirm the effectiveness of design method verifying environmental performance that is one of design methods proposed in the previous paper (Kawai et al. 2005) , environmental performance was set up as criteria before verifying its performance by comparing conventional and alternative materials and construction methods. As a result, the achievement of the criteria by adopting alternative materials and construction methods was verified. Through this case study, it was clarified that environmental impact of a concrete structure can be evaluated as a performance parameter of the structure similar to serviceability, safety, and durability performance. In an actual case, however, the verification of environmental performance is not carried out separately, but four performance parameters of serviceability, safety, durability, and environmental impact are totally and harmoniously verified. In that case, either performance parameter could be given priority to. When this verification is performed, who sets up conventional or standard materials and construction methods could be a problem. In many cases, an owner of the structure should prepare for standard materials and construction methods.
Other three case studies were carried out to confirm the effectiveness of design method considering environmental performance that is another design method proposed in the previous paper (Kawai et al. 2005) . Although in design method considering environmental performance two methods of verification and selection are prepared to evaluate environmental performance of a concrete structure (Kawai et al. 2005) , in these case studies which method of verification or selection is adopted is not specified. In this sense, every case study can be said to be a case study for selection. If some criterion regarding environmental impact is set up, the comparison of each case in every case study will become a process of verification. Otherwise, this comparison is a process of selection in which environmental performance is totally evaluated. It can be said that these case studies of the overflow dike of a dam, the retaining wall, and the secondary lining in a tunnel are especially focused on environmental performance of binding material, construction waste, and material recycling, respectively, in addition to different structure type. Although in these cases, as mentioned above, specific environmental performance requirements were not prepared for, it is obvious that different material or construction method is comparable even when environmental performance requirement is qualitative.
Importance of environment-conscious design is well understood all over the world. The OECD (2003) published the guidance for the design of government policies to address the environmental impacts of the building sector. They mentioned especially about the reductions of CO 2 emissions, minimization of construction and demolition waste, and prevention of indoor air pollution, but the contents did not include concrete design methods but just policy instruments. The ISO (2002) is also preparing for guidelines for considering environmental impacts regarding buildings and construction assets. They provide a framework of environment-conscious design, but it does not include concrete method, either. Ministry of Land, Infrastructure and Transport, Japan is pressing forward with the coordination of Green Government Building which will become the models responding to the environmental preservation measures in Japan's architectural field (MLIT 1998). They show guidelines for greenification which consist of targets for efforts. Quantitative evaluation of efforts is not referred to. The case studies shown here could prove that design method verifying environmental performance and design method considering environmental performance can be used as a concrete method for achieving the above-mentioned motions.
Conclusions
The preparation of the inventory data for evaluating environmental impact of concrete structure construction through deliberately conducted literature survey and hearing to the institutes concerned and four case studies using these inventory data to confirm the effectiveness of concrete structure design methods considering environmental impact were performed in this paper. As a result, the following conclusions can be drawn.
(1) Common basis for the estimation of emission inventory data was proposed for evaluating environmental impact of a concrete structure through its life cycle. Since various kinds of raw materials and processing are employed and construction machinery are diverse for constructing a concrete structure and its demolishment and disposal and recycling, inventory data regarding 91 detail items in total were able to be provided in this paper. (2) Emission inventory data of concrete materials, other materials involved, construction works, demolition works, and disposal and recycling were provided for CO 2 , SO x , NO x , and particulate matter. (3) Fundamental inventory data of various kinds of energy such as electric power, LPG for fuel, LNG (imported), light oil, gasoline, heavy oil, kerosene, and acetylene gas were clarified. In addition, the method to estimate inventory data regarding the use of construction machinery, instruments, and other equipment that are normally employed in concrete structure construction, demolition works, and disposal and recycling was given. (4) Significance of compiling inventory data was discussed with regard to quantitatively evaluating environmental impact of a concrete structure. (5) Design method verifying environmental performance which was proposed by the authors is applicable to evaluate environmental impact as a performance parameter of a concrete structure when a quantitative requirement for environmental impact is prepared. (6) Design method considering environmental performance which was proposed by the authors is also applicable to evaluate environmental impact as a performance parameter of a concrete structure regardless of preparation of a quantitative requirement for environmental impact. (7) Environmental impact of a concrete structure can be evaluated in terms of not only environmental impact factors such as CO 2 emission, NO x emission, SO x emission, and waste emission but also the objects of protection such as human health, public assets, biodiversity, and primary production capacity, and moreover in terms of the integrated index of the objects of protection. (8) By using an integrated index, monetary evaluation considering both construction cost and environmental impact can be performed. (9) Relative magnitudes among the damage amounts of the objects of protection are different in environmental impact factor. Therefore the difference in the amount of each environmental impact factor could change the results of relationship among the damage amounts of the objects of protection.
